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The adsorption energy of carbon monoxide on Ni ad-islands and ultra-thin films grown on the Cu(110)
surface can be finely tuned via a complex interplay among diffusion, site change mechanisms, and
coverage effects. The observed features of CO desorption can be explained in terms of migration of
CO molecules from Cu to Ni islands, competition between bridge and on-top adsorption sites, and
repulsive lateral adsorbate-adsorbate interactions. While the CO adsorption energy on clean Cu(110)
is of the order of 0.5 eV, Ni-alloying allows for its controlled, continuous tunability in the 0.98-1.15 eV
range with Ni coverage. Since CO is a fundamental reactant and intermediate in many heterogeneous
catalytic (electro)-conversion reactions, insight into these aspects with atomic level detail provides
useful information to potentially drive applicative developments. The tunability range of the CO
adsorption energy that we measure is compatible with the already observed tuning of conversion rates
by Ni doping of Cu single crystal catalysts for methanol synthesis from a CO2 , CO, and H2 stream under
ambient pressure conditions. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4985657]

I. INTRODUCTION

At present, the practical conversion of CO2 in industrial processes is still limited to few cases like the synthesis of urea, salicylic acid, and polycarbonates for plastics.
However, the catalytic hydrogenation of carbon dioxide is
currently attracting growing attention for the clean synthesis of energy vectors and chemicals.1–3 Both heterogeneous
catalytic conversion and electrochemical reduction are considered as promising processes.4 In the former case, progress
toward high efficiency and selectivity is a technological quest.
In particular, NiCu alloys show higher conversion rates,
with respect to conventional Cu-based catalysts,5 for the
methanol synthesis starting from CO2 .6–9 Limitations relate to
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stability issues associated with surface segregation processes.
The reaction involves direct hydrogenation of the carbon
and oxygen atoms of the CO2 molecule, but the co-presence
of carbon monoxide in the gas phase is essential. Both the
atomic-level mechanism involved in the hydrogenation of carbon dioxide9–16 and the role of Ni segregation induced by
carbon monoxide17,18 have been recently tackled and investigated with great detail. However, a thorough description of
the interaction of CO (adsorption, diffusion, and desorption
processes) with the surface alloy is still missing. Concerning
the reduction of carbon dioxide by means of electrochemical processes, no electrode catalyst has yet been developed
that can perform this transformation with an overpotential low
enough to make this reaction of applicative interest.4,19,20 In
a recent study,4 it was found that protonation of adsorbed CO
is the most important reaction step dictating the overpotential, thus fostering further investigation of the CO chemistry
at the surface electrodes. In particular, within a volcano plot
model scenario,21 and on the basis of a predictive theoretical approach based on Density Functional Theory (DFT),22
NiCu surfaces are found to be more active for CO reduction
than other metal surfaces. In any case, it has to be mentioned
that an accurate and detailed investigation of the chemistry
of NiCu alloy surfaces is of particular complexity due to the
role of segregation mechanisms regulating the effective Ni
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surface concentration as a function of temperature and chemical potential. It has been recently found that kinetics plays
a major role,18 together with coverage,17 geometric, and
electronic effects.23
Within the framework of this complex scenario, the
present work aims at describing specific fundamental mechanisms characterizing carbon monoxide adsorption, diffusion,
and desorption at a model NiCu alloy surface: an ultra-thin
Ni film deposited in ultra-high vacuum (UHV) on the (110)
surface of a copper single crystal. We performed temperature
programmed desorption (TPD) spectroscopy and timeresolved core-level photoelectron spectroscopy (XPS) measurements, complemented by DFT ab initio calculations,
providing atomic-level insight into the elementary CO reaction
steps by means of a combined experimental and computational
approach.
Adsorption of CO on the clean Cu(110) termination
was thoroughly investigated in the past, finding a coveragedependent sticking coefficient, related to the presence of a hot
precursor species, as for Ni.24,25 Saturation is reached at a
surface coverage of 0.8 ML,26 with CO molecules adsorbed
at on-top sites.27 Two distinct (2 × 1) ordered structures and
a compression structure form depending on the CO surface
density.27,28 Adsorbed CO is found to be stable up to about
200 K,28 while at higher temperature, desorption without
dissociation occurs in UHV conditions.
On Ni(110), a stronger molecule-metal bond is established, thus yielding stable adsorption phases up to 400-450 K
in UHV, again without CO decomposition.29,30 At saturation
(1 ML), a (2 × 1) ordered structure is formed, with CO adsorbed
in short bridge positions, the molecular axis being slightly
tilted from the normal to the surface.31 At lower coverage, a
peculiar site competition is observed, depending on both the
adsorbate surface density and temperature, yielding occupation of both on-top and bridge sites, the latter being the most
stable.11 Interestingly, at room temperature, no significant differences are observed for CO adsorption on Ni(110) from UHV
up to ambient pressure, while above room temperature, high
pressure CO induces restructuring of the Ni substrate, where
strained (111) microfacets are formed.15,16,32
The interaction of carbon monoxide with the bimetallic Ni/Cu(110) surface was already investigated by means of
a combined experimental and theoretical approach based on
TPD spectroscopy and DFT ab initio calculations.33–35 Distinct desorption peaks (βi with i = 1, 2, 3) were identified
at intermediate temperature between the features corresponding to CO desorption from pure Cu (α1 —200 K) and from
pure Ni (α—450 K).33,34 The βi states were associated with
CO adsorption geometries in which the molecule is bound to
“mixed” sites, where both Ni and Cu atoms are present in the
surface and/or subsurface layers. The presence of these configurations was related to the Ni layer preparation recipes, which
resulted in Ni–Cu intermixing.
In the present study, we adopted a Ni deposition recipe
that prevents Cu segregation to the top layer,18 allowing for
the growth of pure Ni ad-islands in the sub-monolayer coverage regime, followed by a layer-by-layer growth process at
higher coverage. In this way, we show that the CO adsorption
energy can be continuously tuned by controlling the Ni adlayer
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thickness and explain this behavior on the basis of a complex
interplay among surface diffusion, site change mechanisms,
and coverage effects.
II. METHODS
A. Experimental methods

The Cu(110) sample was cleaned under UHV by standard
sputtering and annealing recipes.18 Ni was evaporated on the
substrate kept at 170 K from a pure, resistively heated Ni filament. Subsequent annealing of the surface up to 270 K yielded
good (1 × 1) ad-layer ordering without inducing Ni–Cu mixing (see discussion of TPD data in Sec. III). The deposition
rate was calibrated by means of a quartz crystal microbalance,
adopting a flux of 0.5 ML/min. TPD measurements were performed with a heating rate of 1.5 K/s in a multipurpose UHV
setup with a base pressure of 5 × 10 11 mbar. Desorption
energies, ∆E, were obtained from TPD data by the numerical
solution of first-order desorption rate equations at T = Tmax ,
assuming a standard pre-exponential factor of 1013 s 1 .36 The
latter crude approximation may bias the quantitative results but
not the trends. Core-level photoelectron spectroscopy experiments were performed at the SuperESCA beamline of Elettra,
the 3rd generation synchrotron radiation source in Trieste
(Italy).37 A Phoibos (SPECS GmbH) hemispherical electron
energy analyzer equipped with an in-house-developed detector was used to collect the spectra at normal emission, yielding
an overall energy resolution of 50 meV38 and a time resolution
of about 10 s in the time resolved experiments. A heating rate
of 0.15 K/s was used for the time resolved desorption experiments. C and O 1s spectral regions were routinely checked
to ensure sample cleanliness before and after Ni evaporation.
C and O 1s intensities were obtained from the experimental
spectra by evaluating the areas of the adiabatic peak and its
corresponding satellites for each non-equivalent CO species.
Photon energies of 650, 410, and 200 eV were used to excite
O, C 1s, and Cu and Ni 3p core levels, respectively. After
subtraction of a Shirley background,39,40 spectra were bestfitted using a Doniach-Sunjic function41 and convoluted with
a Gaussian envelope in order to account for experimental resolution, inhomogeneity, and temperature induced broadening.
All core level binding energies were calibrated with respect
to the Fermi level. The CO surface coverage was calibrated
assuming saturation values on Ni(110) and Cu(110) equal to
ϑCO sat (Ni) = 1.0 ML and ϑCO sat (Cu) = 0.8 ML, respectively,
in agreement with the literature.24,27
B. Theoretical methods

Calculations were performed within the framework of
DFT in the spin-polarized generalized gradient approximation using the Perdew-Burke-Ernzerhof (PBE) exchangecorrelation functional.42 Dispersive forces with the DFT-D
approach are included,43 keeping the same computational
scheme of our previous work.18 We used the plane-wavebased PWSCF codes of the QUANTUM-ESPRESSO (QE)
distribution,44 with publicly available ultrasoft pseudopotentials. Slab geometries with a seven layer metallic slab plus
a vacuum space of about 15 Å, i.e., about twice the slab
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thickness, were used to simulate the Ni/Cu surface. The inplane dimension of the simulation cells depends on the CO
coverage: in some cases, it corresponds to (3 × 2) Ni(110)
surface unit cells, which allows us to describe a CO coverage as low as 0.17 ML or higher and in other cases to
(2 × 2). Other technical details (energy cutoff, thresholds,
smearing, and k-point set for Brillouin-zone sampling) are similar to those previously described.17,18 In general, a simulation
cell contains n CO adsorbed molecules and we calculate the
adsorption energy Eads of the first desorbing CO molecule,
defined as the total energy difference between the cell with n
CO molecules and the cell with (n 1) CO molecules plus the
total energy of the free CO molecule.34 Thus, the adsorption
energy can vary according to the specific site, apart from the
case of ϑCO = 0.25 ML, where we use simulation cells containing only one adsorbed CO molecule. With this definition, the
adsorption energy is negative for stable adsorption configurations. In the case of non-activated adsorption and desorption
processes, as for CO, the absolute values of adsorption (calculated by DFT) and desorption (as obtained from TPD) energies
coincide.
III. RESULTS AND DISCUSSION

As a first approach, we performed TPD experiments after
exposure of the Ni/Cu(110) termination at liquid nitrogen
(LN2 ) temperature to different CO doses for different initial
Ni coverage values. In Fig. 1, the TPD spectra (m/e = 28 signal) are reported as a function of the CO exposure (bottom
panel) and the Ni layer thickness (top panel). In agreement
with the literature,33,34 a single sharp desorption peak (α1 )
is observed at about 190 K for CO desorption from the pure
Cu(110) surface (top panel, 0 ML). By increasing the thickness
of the Ni adlayer up to 4 ML and still in agreement with previous work,34 we observe a continuous shift of the desorption
peak (α) toward higher temperatures. The discrete intermediate desorption peaks in the 200-350 K range (βi ), reported
in previous works,33,34 are not observed, thus excluding surface alloying between Ni and Cu. Instead, a large shoulder is
observed at lower temperature with respect to the main desorption peak, in analogy to TPD spectra of CO from the Ni(110)
surface.45 In the bottom panel of Fig. 1, the TPD spectra show
a dependence of the CO desorption energy also on the CO
coverage.
In order to extract the CO desorption energies from
the position of the TPD peak maxima, we differentiated the
rate equation describing first order desorption (1) and solved
2
numerically for ∆E at T = Tmax and d dtϑ2CO = 0 with β = dT
dt
= 1.5 K/s and ν0 = 1013 s 1 ,
∆E
dϑCO
= −ν0 ϑCO e− kT .
(1)
dt
In Fig. 2, we report the resulting CO desorption energies as
a function of the Ni layer thickness for low and high initial
CO coverage values. The corresponding, raw TPD spectra are
reported in the supplementary material. A monotone behavior
is clearly observed, showing the possibility to tune the average CO bond strength to the surface with continuity in the
0.98-1.15 eV range. The actual consequences of this effect
will be discussed later in this section.

FIG. 1. TPD spectra of the Cu(110) sample with different Ni coverages at
LN2 temperature following exposure to different doses of carbon monoxide;
bottom panel: different CO doses on 1 ML Ni/Cu(110); top panel: 4 L CO on
different Ni coverages on Cu(110). Dashed lines are drawn to guide the eye
in order to highlight the peak displacement as a function of the CO (bottom
panel) and Ni (top panel) coverage.

FIG. 2. Desorption energy of CO to the Ni/Cu(110) surface as a function
of the Ni coverage from 0 to 16 ML. CO was dosed at LN2 temperature.
Values are obtained from the TPD spectra upon numerical solution of the first
order rate equation for desorption at the TPD peak maximum. Two sets of
experiments are reported, corresponding to a CO initial coverage of 0.1 (grey
curve) and 1.0 (black curve) ML, respectively. Dashed lines are drawn to guide
the eye.
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We will now focus on the atomic-level mechanisms. To
investigate this issue, we performed a series of high energy
resolution XPS measurements with synchrotron light, following in real time the evolution of the carbon and oxygen 1s,
and of the Ni and Cu 3p core levels in separate uptake and
annealing experiments. After exposing the clean or the Nicovered Cu(110) surface to CO at LN2 temperature up to
saturation (Fig. 3), the sample was heated at a constant rate
in order to induce CO desorption (Fig. 4). For both Figs. 3
and 4, the 2D maps report the XPS signal (color scale) as
a function of the binding energy (horizontal axis) for the
measured core levels and as a function of the CO dose (vertical axis, Fig. 3) or the annealing temperature (vertical axis,

FIG. 4. Images obtained from XPS spectra of O 1s, C 1s, Ni and Cu 3p core
levels (columns): the signal intensity (color scale) is plotted as a function of
the binding energy (horizontal axis) and the temperature (left axis) during the
linear annealing. The experiments were repeated for each panel (the initial Ni
coverage values are indicated for each sequence on the right).

FIG. 3. In the top panels [(a)-(c)], selected XPS spectra are reported (c),
together with the best fit and deconvolution for the O (a) and C (b) 1s core
levels; adiabatic peaks are color filled, while satellites’ contributions are represented by the black line. In the bottom part of the figure, images obtained from
XPS spectra of O 1s, C 1s, Ni and Cu 3p core levels (columns) are reported:
the signal intensity (color scale) is plotted as a function of the binding energy
(horizontal axis) and the exposure (vertical axis) during the CO uptake at LN2 .
The same color scale is adopted as in (c). The experiments were repeated for
each panel (the initial Ni coverage values are indicated for each sequence on
the right).

Fig. 4). Each sequence corresponds to a different sample
preparation.
Concerning the Cu and Ni 3p signals, it has to be observed
that no surface core level shifted component could be resolved
due to the large intrinsic linewidth of the core levels. During the CO uptake, a shift of the Ni 3p peaks towards higher
binding energies was observed (Fig. 3), accompanied by a
decrease of the signal intensity. The same trend was observed
also for the Cu 3p components for Ni coverage lower than
1 ML. Selected Ni and Cu core level spectra are reported in
the top panel of Fig. 3. Upon annealing and thus desorbing
CO (Fig. 4), both binding energy positions and intensities of
the Cu and Ni features were restored to the initial values of
the as-prepared surface prior to the CO uptake, thus indicating
that no segregation occurred during the process.17,18
The analysis of the C and O 1s regions deserves a dedicated discussion. Indeed, the spectroscopic lineshape of C
and O 1s core levels of CO adsorbed on Ni and Cu surfaces is
quite complex, as reported in the literature.17,46,47 For adsorbed
CO, when a core electron is ionized, a previously unoccupied valence orbital in the molecule is pulled down below the
Fermi energy by the attractive core-hole potential.46,47 The
different time scales of the photo-ionization and relaxation
phenomena make the wave function of the remaining electrons
not an eigenstate of the final-state Hamiltonian, and the filling
of this level increases the relaxation energy, thus giving origin
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to distinct satellites.46 To the purpose of the present discussion,
we clarify that the evolution of the coverage of the different CO
species was obtained by integrating the area under the whole
associated XPS features, thus considering both the adiabatic
and satellite peaks, whose shape was extracted by analyzing
the spectra obtained upon CO adsorption on Ni multilayers
and the bare Cu sample, respectively. For CO adsorption on
Cu, two main satellite components were identified for the C
(O) 1s core levels, shifted by about +2.5 and +8.5 eV (+3.0
and +7.5 eV) towards higher binding energies with respect to
the adiabatic feature. On Ni, a single satellite was observed for
the O 1s component at +6.5 eV from the main peak, while two
features were observed in the C 1s spectra at +2.5 and +5.5 eV,
respectively, in agreement with the literature.46 Selected core
level spectra are reported in the top panels of Fig. 3, together
with the best fit and deconvolution for the C and O 1s signals.
The spectra in the intermediate Ni coverage range (between
0 and 1 ML) could be properly fitted by a linear combination of the two profiles, allowing for variation of the relative
intensities and a shift of the satellite components. Further
details about the data analysis can be found in our previous
work.17
From the C and O 1s regions, monitored upon CO adsorption and desorption for different Ni surface coverage values,
three non-equivalent CO adsorbed species could be unambiguously identified in the XPS spectra. According to the observed
core level binding energies, we could distinguish C and O 1s
components originating from CO molecules adsorbed at ontop Cu sites (285.9 and 532.8 eV), at on-top Ni sites (285.8 and
532.4 eV), and at short-bridge Ni sites (285.4 and 531.0 eV).17
An interesting insight into the behavior of this system can
be obtained by plotting the distinct core level intensities as a
function of the CO dose and sample temperature. This analysis is shown in Fig. 5, where data from the O 1s signal are
considered since the larger binding energy separation between
adjacent non-equivalent components minimizes the cross talk
in the peak-fitting procedure. In the top half of the figure, the
coverage of CO adsorbed on Ni [panels (a) and (c)] and Cu
[panels (b) and (d)] is plotted as a function of the CO exposure [(a) and (b)] and of the subsequent annealing temperature
[(c) and (d)]. The local CO coverage was calculated on Ni
and Cu islands separately, by normalizing the corresponding
CO coverage to the relative Ni and Cu surface densities, and
taking into account the CO saturation coverage values for the
corresponding bare surfaces, i.e., 1.0 and 0.8 ML for Ni and
Cu(110), respectively.17 Different colors correspond to different initial Ni coverage values from 0.2 to 1.8 ML. In the uptake
part of the figure (left), it is evident that a complex mechanism
governs CO adsorption on the bimetallic surface. Convex and
concave initial uptake profiles are indeed observed for CO
adsorption on the Ni [panel (a)] and Cu [panel (b)] islands,
respectively. Recently,17 this behavior was attributed to the
interplay between two phenomena governing CO adsorption:
indeed, on both Ni and Cu surfaces, the presence of a hot
precursor introduces a peculiar coverage dependence of the
CO sticking coefficient, which can be modeled according to
King and Wells.25,48,49 In addition, the concavity of the initial
CO uptake profile for Cu [panel (b)] can only be explained
by considering a strong contribution of CO diffusion from Cu
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FIG. 5. Exposure (left panels) and temperature (right panels) evolution of the
concentration of CO species at the Ni/Cu(110) surface for different Ni loadings
(colors). Data are obtained from areas below O 1s features associated with
the different adspecies. In the top part of the figure, data of the CO uptake
are shown, indicating CO coverage at Ni [panel (a)] and Cu [panel (b)] sites,
followed by surface annealing [panels (c) and (d), respectively]. In the bottom
part of the figure, the relative abundance of CO species adsorbed at on-top
Ni sites is reported for both uptake [panel (e)] and annealing experiments
[panel (f)].

to Ni ad-islands,17 where a larger molecule-surface adsorption energy can be achieved. With concern to the dependence
of the coverage of CO species on the annealing temperature
(right part of Fig. 5), CO desorption from Cu sites in the 150200 K range [panel (d)] competes with CO migration to Ni
ad-islands, where the local CO coverage increases up to 230 K
[panel (c)] yielding saturation (locally 1 ML CO) for small Ni
ad-islands (Ni coverage <1 ML). Above 340 K, CO desorbs
also from the Ni-covered parts of the surface [panel (c)]. Interestingly, in analogy to TPD data corresponding to Ni coverage
values above 1 ML (Figs. 1 and 2), a continuous shift [black
arrow in panel (c)] of the temperature corresponding to the
maximum desorption rate is observed for increasing Ni coverage also in the sub-monolayer regime. At this point, we can
further drill into the information contained in the core level
spectra by separating the contributions from CO molecules
adsorbed in on-top or bridge sites at the Ni ad-islands [bottom
part of Fig. 5, panels (e) and (f)]. It is found that during the
uptake, the two non-equivalent adsorption sites are both populated [panel (e)], with increasing preference for the bridge site
for growing Ni coverage. However, another interesting behavior is observed when heating the surface: in parallel with the
progressive migration of CO towards Ni ad-islands [panel (c)],
a competing site change process takes place between on-top
and bridge Ni configurations above 200 K [panel (f)], yielding oscillations in the relative population of the two sites. The
dashed line depicted in panel (f) of Fig. 5 indicates the temperature of the maximum CO desorption rate. For low Ni coverage
(yellow and red lines), CO mainly populates on-top sites upon
desorption, while for increasing thickness of the Ni film up
to 1.8 ML, progressive population of the bridge sites occurs
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TABLE I. Calculated CO adsorption energies for on-top and short bridge
sites for the three systems of interest, using a (3 × 2) unit cell with one
adsorbed CO molecule (CO coverage: 0.17 ML).
Site

Cu(110)

1 ML Ni/Cu(110)

Ni(110)

1.04
1.02

2.41
1.96

2.05
1.90

Short bridge
On-top

FIG. 6. Relative abundance of CO bridge species as a function of the initial
Ni coverage at the end of the uptake at LN2 temperature (dashed lines) and at
the maximum of the desorption rate (continuous lines).

at high temperatures. This provides a clear explanation for
the continuous temperature shift observed in the TPD peaks,
which can be ascribed to a progressive increase in the CO
adsorption energy: indeed, the relative population of the energetically non-equivalent on-top and bridge sites changes with
Ni coverage and consequently their contribution to the desorption peak. This occurs since both local Ni concentration
and CO surface coverage affect the relative stability of bridge
and on-top sites, yielding consequent Boltzmann-dependent
populations if equilibrium is assumed throughout the
process.
The relative population of the two sites is better highlighted in Fig. 6, where the population of the bridge sites is
plotted as a function of Ni coverage at the end of the CO
uptake at LN2 temperature (dashed line) and at the maximum
of the desorption rate (continuous line). These results confirm and further explain the observations reported by means
of high-resolution electron energy loss spectroscopy on the
CO/Ni/Cu(100) system.50 Indeed, a progressive shift of the
C–O stretching frequency and a variation of the relative

population of on-top and bridge sites were found as a function of the Ni layer thickness and were ascribed to strain
effects.
On the basis of the results obtained from the experiments,
we have shown that the CO average adsorption energy can be
continuously tuned by varying the Ni coverage. The effect is
associated with the competition between energetically similar
adsorption sites and ascribed to the contribution of coverage
effects.
To better unravel the origin of the experimental observations, we performed an extensive set of DFT ab initio calculations. The results are reported in Tables I and II and in
Fig. 7. Remarkably, at low CO coverage (0.17 ML), strong
over-binding to the 1 ML Ni/Cu(110) is expected for both
CO adsorption sites (on-top and short bridge) as evident from
Table I and panel (b) of Fig. 7, in analogy to the case of carbon dioxide adsorption on the same system.17 However, this is
not observed experimentally in the TPD data [Fig. 7, panel
(a)]. Indeed, at higher CO coverage, the effect is canceled
by the lateral repulsion between the adsorbed CO molecules
[Fig. 7, panel (c)]. In panel (d), the dependence of the CO
adsorption energy on the CO coverage is reported. For ϑCO
≤ 0.25 ML, only the on-top adsorption site is considered.
Multiple markers for ϑCO = 0.50 and 0.75 ML correspond to
different possible sites for the desorption of the first molecule
contained in the cell. An example is reported in the inset for
ϑCO = 0.75 ML. The lines connect average values. The most
relevant result is the crossing of the black (1 ML Ni/Cu) and
cyan (Ni) lines, indicating that over-binding occurs only for CO
coverage values below 0.5 ML. DFT systematically overestimates the CO adsorption energy by about 0.3 eV. Nevertheless,

TABLE II. Calculated coverage dependence of the CO adsorption energy at the on-top site using a (2 × 2) unit
cell; for ϑCO = 0.25 ML, the cell contains only one molecule; for ϑCO = 0.50 and 0.75 ML, the cell contains 2 and
3 CO molecules, respectively, and adsorption energies are reported for different possible initial configurations and
first desorption sites. For instance, with reference to the inset of Fig. 7, for ϑCO = 0.50 ML, the possible initial
configurations are t1 + t2, t1 + t3, or t2 + t3, where first desorption can occur from one of the two (equivalent)
occupied sites; for ϑCO = 0.75 ML, the only possible initial configuration is t1 + t2 + t3, and first desorption can
occur from t1, t2, or t3 non-equivalent sites.
0.50 ML

Cu(110)
1 ML Ni/Cu(110)
Ni(110)
a In

0.75 ML

0.25 ML

t2 + t3

t1 + t3

t1 + t2

t1

t2

t3

1.00 ML

1.07
2.03
1.80

0.86
1.73
1.59

1.07
1.97
1.97

1.01
1.94
1.95

1.02
1.30
1.87

0.81
1.06
1.49

0.87
1.09
1.50

0.82
a

1.45

this case, the on-top configuration is unstable and the equilibrium configuration corresponds to CO molecules adsorbed at
short-bridge sites.
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FIG. 7. Experimental (a) and computational results [(b)-(d)] for the CO
adsorption energy at Cu(110), 1 ML Ni/Cu(110), and Ni(110) surfaces: (a)
experimental desorption energies obtained from TPD data; (b) site dependence of the DFT CO adsorption energy at small CO coverage (1/6 ML)
where over-binding is observed for both on-top (diamonds) and short bridge
(circles) adsorption sites; (c) DFT CO adsorption energy at high CO coverage
(2/3 ML) for the on-top site, which is the most populated at the maximum of
the observed desorption rate; (d) DFT coverage dependence of the CO adsorption energy for on-top sites where the CO adsorption energy suffers a strong
coverage influence, yielding over-binding for 1 ML Ni/Cu(110) with respect
to the Ni(110) surface below 0.5 ML CO; the lines indicate average values
among multiple possible desorption configurations (dots); the ball model (top
view) shows the 3 distinct on-top sites in the (2 × 2) simulation cell for a CO
coverage of 0.50 and 0.75 ML [here for 1 ML Ni/Cu(110)], but analogous
models have been considered for Ni(110) and Cu(110): the spreading of the
calculated adsorption energy is due to its dependence on the specific site. See
also the caption of Table II.

relative values are in the correct order: for instance, at 1 ML
coverage, the values predicted by DFT are 0.82 and 1.45 eV
for bare Cu(110) and Ni(110), respectively (Table II), compared with the corresponding experimental values of 0.52 and
1.12 eV.
We have therefore shown experimentally and explained
by means of ab initio methods that it is possible to tune the

J. Chem. Phys. 146, 224707 (2017)

CO bond strength to the model electrode surface with continuity in the 0.98-1.15 eV range (i.e., in a ±10% span) by
varying the Ni content from 1 to 15 ML. By combining the
results obtained from in situ time resolved XPS measurements with the quantitative output of DFT calculations, we
have shown that the observed behavior is related to a complex
interplay among diffusion, site change, and coverage effects.
As already observed in the previous literature, where a first
attempt to tune the CO adsorption energy on this surface was
performed,34 this is of paramount importance for tailoring the
surface catalytic activity and selectivity. As mentioned above,
carbon monoxide is both a fundamental reactant and intermediate in the (electro-)reduction reaction for the synthesis
of fuels and valuable chemicals starting from carbon dioxide. In some cases, CO has been demonstrated to be the key
molecule, its hydrogenation barrier being the rate limiting step
of the reaction.4 Conversely, CO is the main carbon dioxide
decomposition product at the NiCu surface.17 The reactivity
and selectivity depend therefore on the CO and CO2 reaction barriers, which are linearly dependent on the molecules’
adsorption energy to the surface in a Brønsted-Evans-Polanyi
scenario,22,51 which has been observed to hold also in the
case of a NiCu adsorption system.22 Within the framework
of this scenario, the capability of tuning the carbon monoxide
adsorption energy automatically translates into the possibility
of controlling the energy of the transition state, i.e., the reaction barrier, thus putting in evidence the relevance of this result.
Moreover, in a Boltzmann picture, energies appear inside the
exponential terms of the rate equations that describe the surface
reactions. Therefore, the ability to control the CO adsorption energy in the 0.98–1.15 eV range yields potential tuning
capability of the expected rates within a range of more than
two orders of magnitude (340 times) at 350 K and more than
one order of magnitude (40 times) at 550 K. This estimate
is in remarkable agreement with previous observations about
the carbon dioxide reduction to methanol (CO2 + CO + H2
stream) on a model Ni/Cu(100) catalyst at ambient pressure
conditions at 543 K, where Ni doping in the 0-1 ML range
was found to account for an increase in the CO2 turnover
frequency.6–8
IV. CONCLUSIONS

The adsorption, diffusion, and desorption behavior of carbon monoxide on the bimetallic Ni/Cu(110) surface was studied by means of a combination of experimental and theoretical
techniques. It was found that tuning of the CO adsorption
energy and consequently the molecule’s reactivity is possible
with continuity. This is achieved by means of a fine control
of the Ni concentration and growth at the Cu surface. The
CO adsorption energy was controlled within a ±10% range,
corresponding to expected changes in the reaction rates, up to
more than two orders of magnitude, in agreement with previous
observations under realistic reaction conditions.
SUPPLEMENTARY MATERIAL

See supplementary material for the full set of raw TPD
data.
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